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TIME-DIVISION MULTIPLEXED
NEUROSYNAPTIC MODULE WITH
IMPLICIT MEMORY ADDRESSING FOR
IMPLEMENTING A UNIVERSAL SUBSTRATEL
OF ADAPTATION

This invention was made with Government support under
HROO011-09-C-0002 awarded by Defense Advanced

Research Projects Agency (DARPA). The Government has
certain rights 1n this mvention.

BACKGROUND

Embodiments of the invention relate to neuromorphic and
synaptronic computation, and in particular, a time-division
multiplexed neurosynaptic module with implicit memory
addressing for implementing a universal substrate of adapta-
tion.

Neuromorphic and synaptronic computation, also referred
to as artificial neural networks, are computational systems
that permit electronic systems to essentially function in a
manner analogous to that of biological brains. Neuromorphic
and synaptronic computation do not generally utilize the tra-
ditional digital model of manipulating Os and 1s. Instead,
neuromorphic and synaptronic computation create connec-
tions between processing elements that are roughly function-
ally equivalent to neurons of a biological brain. Neuromor-
phic and synaptronic computation may comprise various
clectronic circuits that are modeled on biological neurons.

In biological systems, the point of contact between an axon
of a neuron and a dendrite on another neuron 1s called a
synapse, and with respect to the synapse, the two neurons are
respectively called pre-synaptic and post-synaptic. The
essence of our individual experiences 1s stored in conduc-
tance of the synapses. The synaptic conductance changes
with time as a function of the relative spike times of pre-
synaptic and post-synaptic neurons, as per spike-timing
dependent plasticity (STDP). The STDP rule increases the
conductance of a synapse 1f 1ts post-synaptic neuron {fires
alter 1ts pre-synaptic neuron fires, and decreases the conduc-
tance of a synapse 1f the order of the two firings 1s reversed.

BRIEF SUMMARY

Embodiments of the invention relate to a time-division
multiplexed neurosynaptic module with implicit memory
addressing for implementing a universal substrate of adapta-
tion. One embodiment comprises a neurosynaptic device
including a memory device that maintains neuron attributes
for multiple neurons. The module further includes multiple
bit maps that maintain incoming firing events for different
periods of delay, and a multi-way processor. The processor
includes a memory array that maintains a plurality of synaptic
weights. The processor integrates incoming firing events 1n a
time-division multiplexing manner. Incoming firing events
are itegrated based on the neuron attributes and the synaptic
welghts maintained.

Another embodiment comprises maintaiming neuron
attributes for multiple neurons in a memory device, and main-
taining incoming firing events for ditlerent periods of delay in
multiple bit maps. Incoming firing events are integrated 1n a
time-division multiplexing manner using a using a multi-way
processor, wherein the processor includes a memory array
that maintains a plurality of synaptic weights. The incoming,
firing events are integrated based on the neuron attributes and
the synaptic weights maintained.
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These and other features, aspects and advantages of the
present ivention will become understood with reference to
the following description, appended claims and accompany-
ing figures.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1A 1llustrates a neurosynaptic core circuit, in accor-
dance with an embodiment of the invention;

FIG. 1B illustrates an example neural network, 1n accor-
dance with an embodiment of the invention;

FIG. 2 1s a block diagram of a time-division multiplexed
neurosynaptic module, 1n accordance with an embodiment of
the invention;

FIG. 3 A illustrates a neuron data memory device, in accor-
dance with an embodiment of the invention;

FIG. 3B illustrates example neuron attributes maintained
in an entry of a neuron data memory device, 1 accordance
with an embodiment of the invention;

FIG. 4A 1illustrates a routing data lookup table, 1n accor-
dance with an embodiment of the invention;

FIG. 4B 1illustrates example routing information main-
tained 1n an entry of a routing data lookup table, 1n accordance
with an embodiment of the invention;

FIG. 5 1llustrates a block diagram of a scheduler device, 1n
accordance with an embodiment of the invention;

FIG. 6 1llustrates a collection of axon activity bit maps, 1n
accordance with an embodiment of the invention;

FIG. 7A 1illustrates a non-transposable synapse data
memory array, i accordance with an embodiment of the
invention;

FIG. 7B illustrates a transposable synapse data memory
array, 1n accordance with an embodiment of the invention;

FIG. 8 illustrates an example computation circuit of a
multi-way parallel processor device, 1n accordance with an
embodiment of the invention;

FIG. 9 illustrates a flowchart of an example process for
processing incoming firing events 1n a time-division multi-
plexed manner, in accordance with an embodiment of the
invention; and

FIG. 10 1s a high level block diagram showing an informa-
tion processing system usetul for implementing one embodi-
ment of the imvention.

DETAILED DESCRIPTION

Embodiments of the invention relate to a time-division
multiplexed neurosynaptic module with implicit memory
addressing for implementing a universal substrate of adapta-
tion. One embodiment comprises a neurosynaptic device
including a memory device that maintains neuron attributes
for multiple neurons. The module further includes multiple
bit maps that maintain incoming firing events for different
periods of delay, and a multi-way processor. The processor
includes amemory array that maintains a plurality of synaptic
weights. The processor integrates incoming firing events 1n a
time-division multiplexing manner. Incoming firing events
are mtegrated based on the neuron attributes and the synaptic
welghts maintained.

Another embodiment comprises maintaining neuron
attributes for multiple neurons in a memory device, and main-
taining incoming {iring events for different periods of delay in
multiple bit maps. Incoming firing events are integrated 1n a
time-division multiplexing manner using a using a multi-way
processor, wherein the processor includes a memory array
that maintains a plurality of synaptic weights. The incoming
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firing events are integrated based on the neuron attributes and
the synaptic weights maintained.

Each bit map corresponds to a period of delay. The proces-
sor reads and processes a bit map only when a corresponding
period of delay for the bit map has elapsed. For each neuron,
the neuron attributes for the neuron includes a membrane

potential variable and a threshold parameter for the neuron.
For each neuron, the processor generates an outgoing firing
event when a membrane potential variable of the neuron
exceeds a threshold parameter of the neuron. The processor
updates the neuron attributes for the neurons based on the
integrated incoming firing events, and writes the updated
neuron attributes to the memory device. The processor
updates the synaptic weights maintained based on a learming,
rule.

A routing data lookup table maintains routing information
for the neurons. A scheduler device 1s configured to receive
firing events, and write each firing event received to a bitmap,
wherein the finnng event will be delivered to a target incoming
axon only after a period of delay corresponding to the bit map
has elapsed.

Each time step 1s divided 1into multiple time slots. In one
embodiment, the memory array 1s a transposable memory
array.

In one embodiment, a transposable access module provides
transposable access to the synaptic weights maintained,
wherein transposable access to the synaptic weights main-
tained facilitates enhanced synaptic plasticity and learning.
Each bit map maintains at least one axon vector. Each axon
vector 1dentifies axons that recerved incoming firing events in
a corresponding time step.

For each time step, the processor reads each axon vector
corresponding to the time step, and resets each axon vector
read. For each axon vector read in each time step, the proces-
sor loads neuron attributes from the memory device. For each
axon that received an incoming firing event in the time step,
the processor reads synaptic weights of synapses 1ntercon-
necting the axon with the neurons, and updates at least one
neuron attribute of each neuron based on a synaptic weight
read. For each axon vector read in each time step, the proces-
sor writes updated neuron attributes for the neurons to the
memory device, and generates an update vector 1dentifying
neurons that generated an outgoing firing event in the time
step.

The term digital neuron as used herein represents an frame-
work configured to simulate a biological neuron. An digital
neuron creates connections between processing elements that
are roughly functionally equivalent to neurons of a biological
brain. As such, a neuromorphic and synaptronic computation
comprising digital neurons according to embodiments of the
invention may include various electronic circuits that are
modeled on biological neurons. Further, a neuromorphic and
synaptronic computation comprising digital neurons accord-
ing to embodiments of the invention may include various
processing elements (including computer simulations) that
are modeled on biological neurons. Although certain 1llustra-
tive embodiments of the invention are described herein using
digital neurons comprising digital circuits, the present mnven-
tion 1s not limited to digital circuits. A neuromorphic and
synaptronic computation according to embodiments of the
invention can be implemented as a neuromorphic and synap-
tronic framework comprising circuitry, and additionally as a
computer simulation. Indeed, embodiments of the invention
can take the form of an entirely hardware embodiment, an
entirely software embodiment or an embodiment containing
both hardware and software elements.
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FIG. 1A 1illustrates a neurosynaptic core circuit 10, 1n
accordance with an embodiment of the invention. The core
circuit 10 1s a neural core circuit. The core circuit 10 com-
prises multiple incoming axons 15 and multiple neurons 11.
Each neuron 11 and each axon 135 has configurable opera-
tional parameters. The core circuit 10 further comprises a
synaptic crossbar 12 including multiple synapses 31, multiple
rows/axon paths 26, and multiple columns/dendrite paths 34.

Each synapse 31 communicates firing events (e.g., spike
events) between an axon 15 and a neuron 11. Specifically,
cach synapse 31 is located at cross-point junction between an
axon path 26 and a dendrite path 34, such that a connection
between the axon path 26 and the dendrite path 34 1s made
through said synapse 31. Each axon 15 1s connected to an
axon path 26, such that said axon 15 sends spikes to the
connected axon path 26. Each neuron 11 1s connected to a
dendrite path 34, such that said neuron 11 receives spikes
from the connected dendrite path 34.

Each synapse 31 has a synaptic weight. The synaptic
weilghts of the synapses 31 of the core circuit 10 may be
represented by a weight matrix W, wherein an element W, of
the matrix W represents a synaptic weight of a synapse 31
located at a row/axon path 1 and a column/dendrite path 1 of
the crossbar 12. In one embodiment, the synapses 31 are
binary memory devices. Each synapse 31 can have a weight
“0” indicating that said synapse 31 1s non-conducting, or a
weight “1”” indicating that said synapse 31 1s conducting. A
learning rule such as spike-timing dependent plasticity
(STDP) may be applied to update the synaptic weights of the
synapses 31.

FIG. 1B illustrates an example neural network 50, 1n accor-
dance with an embodiment of the invention. The neural net-
work 50 1s a scalable neuromorphic and synaptronic archi-
tecture. The neural network 350 includes multiple chip
structures 70. Each chip structure 70 comprises multiple core
circuits 10. An event routing system 73 of the neural network
50 routes firings events between core circuits 10 of the chip
structures 70. A core circuit 10 of the neural network 50 may
send firing events to, and receive firing events from, a differ-
ent core circuit 10 of the same chip structure 70 or a different
chip structure 70.

In one embodiment, the routing system 75 comprises
point-to-point connections. In another embodiment, the rout-
ing system 73 comprises network-on-chip channels and inter-
chip routers.

In one embodiment, aneural network including at least one
core circuit 10 may be implemented as a time-division mul-
tiplexed neurosynaptic module. A neurosynaptic module 1s an
clectronic device comprising at least one multi-way parallel
Processor.

FIG. 2 1s a block diagram of a time-division multiplexed
neurosynaptic module 100, in accordance with an embodi-
ment of the invention. The neurosynaptic module 100 com-
prises at least one multi-way parallel processor device (“pro-
cessor’) 150. Each processor 150 multiplexes computation
and control logic for a plurality of neurons 11. In one embodi-
ment, each processor 150 multiplexes computation and con-
trol logic for neurons 11 of one core circuit 10. In another
embodiment, each processor 150 multiplexes computation
and control logic for neurons 11 of different core circuits 10.
The processors 150 of the neurosynaptic module 100 run 1n
parallel. Each processor 150 has a corresponding neuron data
memory device 200, a corresponding collection 251 of axon
activity bit maps 2350 (FIG. 6), a corresponding scheduler
device (“scheduler”) 350, and a corresponding routing data
lookup table (LUT) 400. A neuron data memory device 200

maintains neuron attributes 215 (FIG. 3B) for multiple neu-
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rons 11. In one embodiment, the memory device 200 main-
tains neuron attributes 215 for neurons 11 of one core circuit
10. In another embodiment, the memory device 200 main-
tains neuron attributes 215 for neurons 11 of different core
circuits 10. A routing data LUT 400 maintains routing infor-
mation for multiple neurons 11. A collection 251 of axon
activity bit maps 250 maintains incoming firing events that
are delivered to target incoming axons 15 in future time steps.
Each bit of a bit map 250 corresponds to an incoming axon 15.

The neurosynaptic module 100 1s connected to an 1intercon-
nect network 450 that communicates firing events between
multiple neurosynaptic modules 100. In one embodiment,
firing events are propagated through the interconnect network
450 1n the form of address-event packets. Each address-event
packet includes a firing event encoded as a binary address that
represents a target incoming axon 15, a time stamp indicating
when the firing event was generated, and a predetermined
delivery delay indicating when the firing event should be
delivered to the target incoming axon 15. The scheduler 350
receives address-events from, and sends address-event pack-
ets to, the interconnect network 450.

Each processor 150 comprises a synapse data memory
array 160 and a computation logic circuit (“‘computation cir-
cuit”) 170. A memory array 160 maintains synaptic connec-
tivity information for multiple neurons 11. In one embodi-
ment, a memory array 160 1s a transposable memory array
including configurable synaptic connectivity information. In
another embodiment, a memory array 160 1s a non-transpos-
able memory array including static synaptic connectivity
information. A computation circuit 170 integrates mncoming
firing events for a current time step, and updates neuron
attributes 215 based on the firing events integrated.

A processor 150 that multiplexes computation and control
logic for nneurons 11 1s an n-way processor 150, whereinn is
an integer value. The computation circuit 170 of an n-way
processor 150 1s time-multiplexed n times.

The total number of neurons 11 represented by the neuro-
synaptic module 100 1s equal to the product of the number of
processors 150 contained within the neurosynaptic module
100, and the number of times each processor 150 of the
neurosynaptic module 100 1s time-multiplexed. For example,
if the neurosynaptic module 100 contains Y processors 150
and each processor 150 1s time-multiplexed n times, the total
number of neurons 11 represented by the neurosynaptic mod-
ule 100 1s Yxn, where Y and n are positive integer values.

The optimal number of neurons 11 that a neurosynaptic
module 100 may represent 1s dependent on several factors,
including the connectivity of the neurons 11, communication
power overhead, and the performance of the synapse data
memory array 160 of each processor 150.

FIG. 3A 1llustrates a neuron data memory device 200, in
accordance with an embodiment of the mvention. As stated
above, each processor 150 has a corresponding neuron data
memory device 200 that maintains neuron attributes 215 for
multiple neurons 11. The memory device 200 comprises mul-
tiple entries 211. Each entry 211 maintains neuron attributes
215 for a corresponding neuron 11.

As shown 1 FIG. 3A, the memory device 200 maintains
neuron attributes 215 for neurons Neuron O, Neuron 1, . . .,
and Neuron n-1, wherein n represents the number of neurons
11 that the memory device 200 maintains information for.

FIG. 3B illustrates example neuron attributes 215 main-
tained 1in an entry 211 of a neuron data memory device 200, in
accordance with an embodiment of the mmvention. In one
embodiment, each entry 211 maintains the following neuron
attributes 215 for a corresponding neuron 11: a membrane
potential variable (V), a threshold parameter (Th), a leak rate
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parameter (LLk), and synaptic excitation/inhibition strengths
for each possible axon type (Syn0, Synl, Syn2, etc.).

FIG. 4A 1llustrates a routing data lookup table 400, 1n
accordance with an embodiment of the invention. As stated
above, each processor 150 has a corresponding routing data
LUT 400 that maintains routing information for multiple
neurons 11. The LUT 400 comprises multiple entries 411.
Each entry 411 maintains routing information for a corre-
sponding neuron 11.

As shown i FIG. 4A, the LUT 400 maintains routing

information for neurons Neuron O, Neuron 1, . . ., and Neuron
n—-1, wherein n represents the number of neurons 11 that the
LUT 400 maintains information for.

FIG. 4B 1illustrates example routing information main-
tained 1n an entry 411 of a routing data lookup table 400, in
accordance with an embodiment of the mvention. In one
embodiment, each entry 411 maintains the following routing
information for a corresponding neuron 11: fanout (F) and
delivery delay (AT). The fanout of a neuron 11 indicates a
target incoming axon 13 that the neuron 11 sends outgoing
firing events to. The delivery delay of a neuron 11 indicates
when an outgoing firing event generated by the neuron 11
should be delivered to a target incoming axon 15 for process-
ing.

FIG. 5 1llustrates a block diagram of a scheduler device
350, 1n accordance with an embodiment of the invention. As
stated above, each processor 150 has a corresponding sched-
uler device 350. The scheduler 350 comprises a controller
351, an oiff-module buffer (*buifer”) 352, a decoder unit
(“decoder”) 353, and an encoder unit (“encoder’) 354.

The controller 351 generates time steps that triggers when
a corresponding processor 150 integrates incoming firing
events.

The decoder 353 receives from the interconnect network
450 (1.e., off-module) incoming address events packets that
include firing events generated by other neurosynaptic mod-
ules 100. The decoder 353 decodes each incoming address
event packet recerved. In one embodiment, decoded incom-
ing firing events are temporarily held 1n the buffer 352 belore
the controller 351 copies the firing events to an axon activity
bit map 250. The butler 352 1s cleared after the controller 351
has copied the decoded incoming firing events to a bit map
250.

The controller 351 generates axon vectors 235 (FIG. 6).
Each axon vector 255 corresponds to a time step (i.e., a
current time step or a future time step). Each axon vector 2535
represents axon activity for mcoming axons 13 in a corre-
sponding time step. Each index of an axon vector 255 corre-
sponds to an incoming axon 135. In one embodiment, each
index with a bit value of “1” indicates that a corresponding
axon 15 recerved a firing event. Each index with a bit value of
“0” 1indicates that a corresponding axon 13 did not receive a
firing event. In one embodiment, each axon vector 255 rep-
resents axon activity for incoming axons 15 of a correspond-
ing core circuit 10 1n a corresponding time step.

The controller 351 writes each axon vector 255 generated
to an axon activity bit map 250 of the collection 251, wherein
the bit map 250 corresponds to the same time step that said
axon vector 255 corresponds to.

In one embodiment, for each mmcoming firing event, the
controller 351 computes the difference d between the arrival
time of said firing event at the scheduler 350 and the time
stamp mndicating when said firing event was generated. If the
difference d 1s less than a predetermined delivery delay x, the
firing event 1s maintained 1n a bit map 250 for a delay period
D equal to the difference between x and d to achieve x time
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steps from firing event generation to firing event delivery. The
processor 150 reads the firing event from the bit map 250 at
the end of the delay period.

For example, 11 the delivery delay for a firing event1s 9 time
steps and the firing event arrives at the scheduler 350 within 3
time steps from generation, the scheduler 350 delays the
delivery of the firing event by 6 time steps, such that the
processor 150 reads the firing event from a bit map 250 only
at the end of 9 time steps from generation.

In each time step, the scheduler 350 receives an update
vector 257 from a corresponding processor 150, wherein the
update vector 257 represents firing activity of multiple neu-
rons 11 during said time step. Each index of an update vector
257 corresponds to aneuron 11. Each index with a bit value of
“1” 1indicates that a corresponding neuron 11 generated an
outgoing firing event. Each index with a bit value of “0”
indicates that a corresponding neuron 11 did not generate an
outgoing firing event.

Each outgoing firing event targets either an incoming axon
15 of the same neurosynaptic module 100 (1.e., on-module) or
a different neurosynaptic module 100 (1.e., off-module). For
cach index of an update vector 257 with a bit value o <17, the
controller 351 looks up routing information for a correspond-
ing neuron 11 1n the LUT 400. If the target axon 15 for an
outgoing firing event 1s on-module (i.e., on the same neuro-
synaptic module 100), the controller 351 determines, based
on the current time step and the delivery delay of the firing
event, which bit map 250 of the collection 251 to update, and
updates a bit of the determined bit map 250 accordingly. If the
target axon 15 for an outgoing firing event 1s off-module (1.¢.,
on a different neurosynaptic module 100), the encoder 354
encapsulates the outgoing firing event as an outgoing address
event packet, and sends the outgoing address event packet to
the 1interconnect network 450.

FI1G. 6 illustrates a collection 251 of axon activity bit maps
250, 1n accordance with an embodiment of the invention. As
stated above, each processor 150 has a corresponding collec-
tion 251 of axon activity bit maps 250. Each bit map 2350
maintains at least one axon vector 255.

Each bit map 250 of the collection 251 corresponds to a
tuture time step. Specifically, each bit map 250 corresponds to
a duration of delay. For example, as shown i FIG. 6, the
collection 251 maintains bit maps 250 corresponding to
delays ranging from one time step to sixteen time steps from
the current time step t. A first bit map 250 corresponds to axon
activity that will occur after a delay of one time step, a second
bit map 250 corresponds to axon activity after a delay of two
time steps, . . ., and a sixteenth bit map 250 corresponds to
axon activity after a delay of sixteen time steps. Each bit map
250 maintains one or more axon vectors 255, wherein each
axon vector 235 indicates the axon activity of incoming axons
15 1n a time step equal to the current time step t plus a
corresponding delay of said bit map 250.

A corresponding processor 150 iterates through each bit
map 235 of the collection 251. Specifically, the processor 105
reads an axon vector 2535 from a bit map 250 only when a
delay corresponding to said bit map 250 has elapsed. For
example, 1n time step t+1, the processor 150 reads axon
vectors 255 from the first bit map 250 corresponding to time
step t+1. In time step t+16, the processor 150 reads axon
vectors 2355 from the sixteenth bit map 250 corresponding to
time step t+16.

Each axon vector 235 is reset after said axon vector 255 has
been read by the corresponding processor 150. After each
axon vector 255 of the sixteenth bit map 250 has been read,
the processor 150 begins another iteration through each bit
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map 250 of the collection 251. For example, in time step t+17,
the processor 150 reads axon vectors from the first bit map
250.

FIG. 7A 1illustrates a non-transposable synapse data
memory array 160, in accordance with an embodiment of the
invention. As stated above, each processor 150 has a synapse
data memory array 160. In one embodiment, the memory
array 160 1s a non-transposable memory array that maintains
static synaptic connectivity information for multiple neurons
11.

The memory array 160 comprises multiple entries 161.
Each entry 161 maintains synaptic weights for a correspond-
ing neuron 11. As shown in FIG. 7A, a first entry 161 includes
synaptic weights W, o, Wy, ..., and W .

FIG. 7B illustrates a transposable synapse data memory
array 160, in accordance with an embodiment of the mven-
tion. In another embodiment, the memory array 160 of a
processor 150 1s a transposable memory array maintaining
configurable synaptic connectivity information for multiple
neurons 11. The memory array 160 has a corresponding trans-
posable access module 162 that facilitates transposable
access to the memory array 160. Synaptic weights may be
read from, and written to, the memory array 160, in both
horizontal and vertical directions for enhanced learming
operation. The synaptic weights maintained may be updated
based on a learning rule, and/or the firing activity of a corre-
sponding neuron 11.

The memory array 160 comprises multiple entries 161.
Each entry 161 maintains synaptic weights for a correspond-
ing neuron 11. As shown in FIG. 7A, a first entry 161 1ncludes
synaptic weights W, o, W |, ..., and W, ;.

FIG. 8 1llustrates an example computation circuit 170 of a
multi-way parallel processor device 150, 1n accordance with
an embodiment of the mvention. As stated above, each pro-
cessor 150 has a computation circuit 170. In one embodiment,
the circuit 170 comprises a first multiplexer 171, a second
multiplexer 172, a pseudo-random number generator
(PRNG) 173, a time-division multiplexing control unit 174, a
first adder umt (“first adder) 175, a thurd multiplexer 176, a
reset unit 177, a second adder unit (“second adder”) 178, and
a comparator unit (“comparator”) 179.

To implement an n-way processor 150, the computation
circuit 170 1s time-multiplexed n times, wherein n represents
the number of neurons 11 that the processor multiplexes
computation and control logic for. The control unit 174
divides each time step into n time slots. In each time slot,
incoming firing events targeting a corresponding immcoming
axon are integrated. The control umt 174 1s further configured
to send control signals to components of the circuit 170.

The PRNG 173 generates random numbers for use 1n sto-
chastic operations. For example, the PRNG 173 may be used
to generate a random synaptic weight W ..., a random leak
rate LK 5, and a random threshold Thyp ..

At the beginning of each time step, the processor 150 reads
an axon vector 255 from a bit map 250 corresponding to said
time step. The axon vector 255 1s reset after 1t 1s read by the
processor 150. The processor 150 1s loaded with neuron
attributes for all neurons 11 that a corresponding memory
device 200 maintains information for. In one example 1mple-
mentation, the neuron attributes are loaded nto local registers
(e.g., latches or tlip-tlops) of the processor 150.

The processor 150 1terates through each index of the axon
vector 250. For each index 1 of the axon vector 233 read with
a bit value of “1”, each synaptic weight maintained in the i””
entry of the memory array 160 1s read. Each synaptic weight
W, that 1s read from the i”” entry of the memory array 160 is
conveyed to corresponding computation circuit 170, and the
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first multiplexer 171 selects between the synaptic weight W,
and a random synaptic weight W . .-

For the first addition that corresponds to the first index of
the axon vector 255 with a bit value of *“17, the first adder 175
increments the membrane potential variable V (loaded from
the i” entry of the corresponding memory device 200) by the
value selected by the first multiplexer 171. For subsequent
additions (1.¢., the remaining indices of the axon vector 255
with a bit value of 1), the first adder 175 increments a
modified membrane potential variable V' by the value
selected by the first multiplexer 171. The modified membrane
potential variable V' 1s a temporary variable provided by the
third multiplexer 176. The third multiplexer 176 selects
between an updated membrane potential variable V provided
by the first adder 175 and a reset membrane potential variable
V .., generated by the reset unit 177.

The second multiplexer 172 selects between a leak rate
parameter Lk (loaded from the i” entry of the corresponding,
memory device 200) and a random leak rate LK, 5. Alter
each synaptic weight W, has been read from the i’ entry of
the memory array 160, the first adder 175 increments the
modified membrane potential variable V' by the value
selected by the second multiplexer 172.

The second adder 178 increments the threshold parameter
Th (loaded from the i” entry of the corresponding memory
device 200) by a random threshold Thy;..-. In another
embodiment, the unit 178 1s a multiplexer. The comparator
179 generates a firing event 11 the comparator 179 determines
that the updated membrane potential variable V has exceeded
the value provided by the second adder 178. After the firing
event 1s generated, the membrane potential variable V 1s reset
0V ser

When the processor 150 has finished iterating through each
index of the axon vector 255, the updated neuron attributes
215 (e.g., the updated membrane potential variable V) are
written to the memory device 200. An update vector 2357
representing the firing activity of neurons 11 1n said time step
1s generated and sent to the scheduler 350.

FI1G. 9 1llustrates a tlowchart of an example process 800 for
processing incoming firing events 1n a time-division multi-
plexed manner, 1n accordance with an embodiment of the
invention. In process block 801, read an axon vector corre-
sponding to the current time step. In process block 802, reset
the axon vector read. In process block 803, load neuron
attributes. In process block 804, determine 11 the bit value at
the current index of the axon vector 1s “1”. If the bit value 1s
1, proceed to process block 8035. I1 the bit value 1s not “17,
proceed to process block 807.

In process block 803, read synaptic weights of the incom-
ing axon corresponding to the current index and integrate the
firing events recerved based on the synaptic weights read. In
process block 806, update neuron attributes. In process block
807, determine whether the current index 1s the last index of
the axon vector. If the current index 1s the last index, proceed
to process block 808. If the current index 1s not the last index,
proceed to process block 809. In process block 808, write the
updated neuron attributes to memory. In process block 809,
increment the current index. Process blocks 803-809 are
repeated for each neuron.

FI1G. 10 1s a hugh level block diagram showing an informa-
tion processing system 300 useful for implementing one
embodiment of the mvention. The computer system includes
one or more processors, such as processor 302. The processor
302 is connected to a communication inirastructure 304 (e.g.,
a communications bus, cross-over bar, or network).

The computer system can include a display intertace 306
that forwards graphics, text, and other data from the commu-
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nication infrastructure 304 (or from a frame buifer not shown)
for display on a display unit 308. The computer system also
includes a main memory 310, preferably random access
memory (RAM), and may also include a secondary memory
312. The secondary memory 312 may include, for example, a
hard disk drive 314 and/or a removable storage drive 316,
representing, for example, a floppy disk drive, a magnetic
tape drive, or an optical disk drive. The removable storage
drive 316 reads from and/or writes to a removable storage unit
318 1n a manner well known to those having ordinary skill 1in
the art. Removable storage unit 318 represents, for example,
a floppy disk, a compact disc, a magnetic tape, or an optical
disk, etc. which is read by and written to by removable storage
drive 316. As will be appreciated, the removable storage unit
318 includes a computer readable medium having stored
therein computer software and/or data.

In alternative embodiments, the secondary memory 312
may 1nclude other similar means for allowing computer pro-
grams or other instructions to be loaded into the computer
system. Such means may include, for example, a removable
storage unit 320 and an interface 322. Examples of such
means may mclude a program package and package interface
(such as that found in video game devices), a removable
memory chip (such as an EPROM, or PROM) and associated
socket, and other removable storage units 320 and interfaces
322, which allows software and data to be transferred from
the removable storage unit 320 to the computer system.

The computer system may also include a communication
interface 324. Communication interface 324 allows software
and data to be transferred between the computer system and
external devices. Examples of communication interface 324
may include a modem, a network interface (such as an Eth-
ernet card), a communication port, or a PCMCIA slot and
card, etc. Software and data transiferred via communication
interface 324 are in the form of signals which may be, for
example, electronic, electromagnetic, optical, or other signals
capable of being received by communication interface 324.
These signals are provided to communication interface 324
via a communication path (1.e., channel) 326. This commu-
nication path 326 carries signals and may be implemented
using wire or cable, fiber optics, a phone line, a cellular phone
link, an RF link, and/or other communication channels.

In this document, the terms “computer program medium,”
“computer usable medium,” and “computer readable
medium™ are used to generally refer to media such as main
memory 310 and secondary memory 312, removable storage
drive 316, and a hard disk installed 1n hard disk drive 314.

Computer programs (also called computer control logic)
are stored 1n main memory 310 and/or secondary memory
312. Computer programs may also be recetved via commu-
nication intertace 324. Such computer programs, when run,
enable the computer system to perform the features of the
present mnvention as discussed herein. In particular, the com-
puter programs, when run, enable the processor 302 to per-
form the features of the computer system. Accordingly, such
computer programs represent controllers of the computer
system.

From the above description, 1t can be seen that the present
invention provides a system, computer program product, and
method for implementing the embodiments of the invention.
The present invention further provides a non-transitory coms-
puter-useable storage medium for hierarchical routing and
two-way information flow with structural plasticity in neural
networks. The non-transitory computer-useable storage
medium has a computer-readable program, wherein the pro-
gram upon being processed on a computer causes the com-
puter to implement the steps of the present invention accord-
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ing to the embodiments described herein. References in the
claims to an element 1n the singular 1s not intended to mean
“one and only” unless explicitly so stated, but rather “one or
more.” All structural and functional equivalents to the ele-
ments of the above-described exemplary embodiment that are
currently known or later come to be known to those of ordi-
nary skill in the art are imntended to be encompassed by the
present claims. No claim element herein 1s to be construed
under the provisions of 35 U.S.C. section 112, sixth para-
graph, unless the element 1s expressly recited using the phrase
“means for” or “step for.”

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to be
limiting of the invention. As used herein, the singular forms
“a”, “an” and “the” are intended to include the plural forms as
well, unless the context clearly indicates otherwise. It will be
turther understood that the terms “comprises™ and/or “com-
prising,” when used 1n this specification, specity the presence
of stated features, integers, steps, operations, elements, and/
or components, but do not preclude the presence or addition
of one or more other features, integers, steps, operations,
clements, components, and/or groups thereof.

The corresponding structures, materials, acts, and equiva-
lents of all means or step plus function elements in the claims
below are intended to include any structure, material, or act
for performing the function in combination with other
claimed elements as specifically claimed. The description of
the present invention has been presented for purposes of
illustration and description, but 1s not intended to be exhaus-
tive or limited to the invention 1n the form disclosed. Many
modifications and variations will be apparent to those of
ordinary skill in the art without departing from the scope and
spirit of the invention. The embodiment was chosen and
described 1n order to best explain the principles of the mven-
tion and the practical application, and to enable others of
ordinary skill in the art to understand the invention for various
embodiments with various modifications as are suited to the
particular use contemplated.

What 1s claimed 1s:
1. A neurosynaptic device, comprising:
a memory device that maintains neuron attributes for mul-
tiple neurons;
multiple bit maps, wherein each bit map corresponds to a
period of delay of different periods of delay, the bit map
comprises at least one axon vector, each index of the at
least one axon vector corresponds to an incoming axon
of multiple incoming axons, and the index comprises a
bit value 1indicating whether the corresponding 1ncom-
Ing axon receives an incoming firing event 1 a future
time step that occurs after the corresponding period of
delay has elapsed; and
a multi-way processor including a memory array that
maintains a plurality of synaptic weights, wherein the
multi-way processor 1s configured to:
for each period of delay of the different periods of delay:
in response to elapse of the period of delay, integrate
one or more imcoming firing events 1n accordance
with a bit map corresponding to the period of delay
in a time-division multiplexing manner, wherein
the incoming firing events are integrated based on
the neuron attributes and the synaptic weights; and
generate an update vector representing firing activity
of the multiple neurons based on the integrated
incoming firing events, wherein at least one of the
multiple bit maps 1s updated based on the update
vector.
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2. The neurosynaptic device of claim 1, wherein:

the update vector identifies which of the multiple neurons
generated an outgoing firing event; and

the multi-way processor 1s further configured to:
for each period of delay of the different periods of delay:

in response to elapse of the period of delay, read and
process a bit map corresponding to the period of
delay.

3. The neurosynaptic device of claim 2, wherein:

for each neuron, the neuron attributes include a membrane
potential variable for said neuron and a threshold param-
eter for said neuron.

4. The neurosynaptic device of claim 3, wherein:

the multi-way processor 1s further configured to:
for each neuron:

determine whether a membrane potential variable for
said neuron exceeds a threshold parameter for said
neuron;

generate an outgoing firing event in response to deter-
mining the membrane potential variable for said
neuron exceeds the threshold parameter for said
neuron, wherein at least one of the multiple bit
maps 1s updated based on the outgoing firing event.

5. The neurosynaptic device of claim 4, wherein the multi-

way processor:

updates the neuron attributes for the multiple neurons
based on the integrated incoming firing events; and

writes the updated neuron attributes to the memory device.

6. The neurosynaptic device of claim 5, further comprising;:

a routing data lookup table that maintains routing informa-
tion for the multiple neurons.

7. The neurosynaptic device of claim 6, further comprising:

a scheduler device configured to:
receive one or more firing events; and
for each firing event recerved, update a bit map of the

multiple bit maps by updating an index of an axon
vector of the bit map with a bit value indicating that a
corresponding 1ncoming axon recerves the {firing
event 1n a future time step that occurs after a corre-
sponding period of delay has elapsed, wherein the
firing event 1s delivered to the corresponding incom-
ing axon 1n the future time step.

8. The neurosynaptic device of claim 7, wherein:

the multi-way processor 1s further configured to update the
synaptic weights based on a learning rule.

9. The neurosynaptic device of claim 8, wherein:

cach period of delay of the different periods of delay cor-
responds to a future time step that occurs after the period
of delay has elapsed; and

cach time step 1s divided into multiple time slots.

10. The neurosynaptic device of claim 1, wherein:

the memory array 1s a transposable memory array.

11. The neurosynaptic device of claim 1, further compris-

ng:

a transposable access module for transposable access to the
synaptic weights, wherein the transposable access to the
synaptic weights facilitates enhanced synaptic plasticity
and learning.

12. The neurosynaptic device of claim 11, wherein:

cach bit map maintains at least one axon vector; and

cach axon vector identifies axons that recerve incoming
firing events 1n a corresponding time step.

13. The neurosynaptic device of claim 12, wherein the

multi-way processor 1s further configured to:

for each time step:
read each axon vector corresponding to the time step;

and
reset each axon vector read.
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14. The neurosynaptic device of claim 13, wherein the
multi-way processor 1s further configured to:
for each axon vector read 1n each time step:
load one or more of the neuron attributes from the
memory device; and
for each axon that receives an incoming firing event 1n
the time step:
read synaptic weights of synapses interconnecting the
axon with the multiple neurons; and
update at least one neuron attribute of each neuron
based on a synaptic weight read.
15. The neurosynaptic device of claim 14, wherein the
multi-way processor 1s further configured to:
for each axon vector read 1n each time step:
write one or more updated neuron attributes for the
multiple neurons to the memory device.
16. A method, comprising:
maintaiming neuron attributes for multiple neurons 1 a
memory device;
maintaining multiple bit maps, wherein each bit map cor-
responds to a period of delay of different periods of
delay, the bit map comprises at least one axon vector,
cach index of the at least one axon vector corresponds to
an incoming axon of multiple incoming axons, and the
index comprises a bit value indicating whether the cor-
responding incoming axon recerves an incoming firing
event 1n a future time step that occurs after the corre-
sponding period of delay has elapsed; and
for each period of delay of the different periods of delay:
in response to elapse of the period of delay, integrating
one or more incoming firing events in accordance
with a bit map corresponding to the period of delay 1n
a time-division multiplexing manner using a multi-
way processor, wherein the multi-way processor
includes a memory array that maintains a plurality of
synaptic weights, and the incoming firing events are
integrated based on the neuron attributes and the syn-
aptic weights; and
generating an update vector representing firing activity
of the multiple neurons based on the integrated
incoming firing events, wherein at least one of the
multiple bit maps 1s updated based on the update
vector.
17. The method of claim 16, wherein:
the update vector identifies which of the multiple neurons
generated an outgoing firing event.
18. The method of claim 17, turther comprising;:
for each period of delay of the different periods of delay:
in response to elapse of the period of delay, the multi-
way processor reading and processing a bit map cor-
responding to the period of delay.
19. The method of claim 18, wherein:
for each neuron, the neuron attributes include a membrane

potential variable for said neuron and a threshold param-
eter for said neuron.
20. The method of claim 19, further comprising;:
for each neuron:
the multi-way processor determining whether a mem-
brane potential variable for said neuron exceeds a
threshold parameter for said neuron; and
the multi-way processor generating an outgoing firing
event 1n response to determining the membrane
potential variable for said neuron exceeds the thresh-
old parameter for said neuron, wherein at least one of
the multiple bit maps 1s updated based on the outgoing
firing event.
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21. The method of claim 20, further comprising:
updating the neuron attributes for the multiple neurons
based on the integrated incoming firing events; and
writing the updated neuron attributes to the memory

device.

22. The method of claim 21, further comprising:

maintaining routing information for the multiple neurons

in a routing data lookup table.

23. The method of claim 22, further comprising:

receving one or more firing events; and

for each firing event recerved, updating a bit map of the

multiple bit maps by updating an index of an axon vector
of the bit map with a bit value indicating that a corre-
sponding 1ncoming axon receives the firing event 1n a
future time step that occurs atter a corresponding period
of delay has elapsed, wherein the firing event 1s deliv-
ered to the corresponding incoming axon in the future
time step.

24. The method of claim 16, further comprising:

using a transposable access module for transposable access

to the synaptic weights, wherein the transposable access
to the synaptic weights facilitates enhanced synaptic
plasticity and learning.

25. The method of claim 24, further comprising:

maintaining at least one axon vector, wherein each axon

vector i1dentifies axons that receirve incoming firing
events 1n a corresponding time step.

26. The method of claim 25, further comprising:

for each time step:

reading each axon vector corresponding to the time step;
and
resetting each axon vector read.
277. The method of claim 26, further comprising:
for each axon vector read 1n each time step:
loading one or more of the neuron attributes from the
memory device; and
for each axon that receives an incoming {iring event 1n
the time step:
reading synaptic weights ol synapses interconnecting
the axon with the multiple neurons; and
updating at least one neuron attribute of each neuron
based on a synaptic weight read.
28. The method of claim 27, further comprising:
for each axon vector read 1n each time step:
writing one or more updated neuron attributes for the
multiple neurons to the memory device.

29. A non-transitory computer program product compris-
ing a computer-readable hardware storage medium having
program code embodied therewith, the program code being
executable by a computer to:

maintain neuron attributes for multiple neurons 1 a

memory device;

maintain multiple bit maps, wherein each bit map corre-

sponds to a period of delay of different periods of delay,
the bit map comprises at least one axon vector, each
index of the at least one axon vector corresponds to an
incoming axon of multiple mmcoming axons, and the
index comprises a bit value indicating whether the cor-
responding incoming axon recerves an mcoming firing
event 1n a future time step that occurs after the corre-
sponding period of delay has elapsed; and

for each period of delay of the different periods of delay:

in response to elapse of the period of delay integrate one
or more 1ncoming firing events 1n accordance with a
bit map corresponding to the period of delay in a
time-division multiplexing manner using a multi-way
processor, wherein the multi-way processor includes
a memory array that maintains a plurality of synaptic
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weights, and the incoming firing events are integrated 31. The computer program product of claim 30, the pro-
based on the neuron attributes and the synaptic gram code further executable by the computer to:
weights; and for each time step:
generate an update vector representing firing activity of read an axon vector corresponding to the time step,
the multiple neurons based on the integrated incom- 5 wherein the axon vector 1dentifies axons that receive
ing {iring events, wherein at least one of the multiple incoming firing events 1n the time step;

reset the axon vector read:;
load one or more of the neuron attributes from the
memory device;
10 for each axon that receives an incoming {iring event 1n
the time step:
read synaptic weights of synapses interconnecting the
axon with the multiple neurons; and
update at least one neuron attribute of each neuron
15 based on a synaptic weight read; and
write one or more updated neuron attributes for the
multiple neurons to the memory device.

bit maps 1s updated based on the update vector.
30. The computer program product of claim 29, the pro-

gram code further executable by the computer to:

receive one or more firing events; and

for each firing event receirved, update a bit map of the
multiple bit maps by updating an index of an axon vector
of the bit map with a bit value indicating that a corre-
sponding mcoming axon receives the firing event 1n a
future time step that occurs after a corresponding period
of delay has elapsed, wherein the firing event 1s deliv-

ered to the corresponding incoming axon in the future
time step. I
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